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SUMMARY 


As part of a program to study the fan noise generated from turbofan engines, 
fluctuating surface pressures induced by fan-rotor wakes were measured on core- and 
bypass-stator outlet guide vanes of a modified stator assembly of a JT1 5D-1 engine. 
Tests were conducted with the engine operating without an inflow control device on an 
outdoor test stand and in flight while mounted beneath the wing of a test-bed air- 
craft. Results of data analyses show that as the aerodynamic wakes shed from the 
rotor changed amplitude and shape with engine speed, the surface pressures on the 
stator vanes exhibited the effect of wake changes. Roth core and bypass vanes had a 
nonuniform spanwise distribution of narrow-band fluctuating pressure at blade-passage 
frequencies with high coherence between measurement locations. Pressures measured at 
fan-rotor blade-passage frequencies were generally higher for static conditions than 
for flight. A study of the random characteristics of these amplitudes indicated that 
the tone amplitudes were less stable under static conditions than in flight. As the 
engine speed increased during both static and flight tests, the core amplitudes gen- 
erally became less dominated by noise and the bypass amplitudes became more dominated 
by noise. Fluctuating pressures measured at the blade-passage frequency of the high- 
speed core compressor were interpreted to be acoustic; however, disturbance trace 
velocities for either the convected rotor wakes or acoustic pressures were difficult 
to interpret because of the complex environment. 


INTRODUCTION 

Noise research on high -bypass -ratio turbofan engines has identified numerous 
noise-generating mechanisms associated with the rotor blades and stator vanes. Tyler 
and Sofrin (ref. 1) presented results which indicated that aerodynamic wakes leaving 
the rotor may interact with stator vanes to set up complex pressure patterns in the 
inlet duct. Hanson (ref. 2), by using random-pulse-amplitude and position-modulation 
theory, studied the far-field noise resulting from the interaction of the rotor vis- 
cous wakes with stator vanes in subsonic axial-flow fans. Researchers generally 
recognized that static testing of turbofan engines usually produced far-field noise 
levels which were greater than those obtained from flight. Many studies (refs. 3 
to 8) suggested that inflow turbulence and shroud boundary-layer effects were some of 
the causes of these high noise levels. These studies resulted in the development of 
inflow-turbulence control devices and produced significant insight into simulating 
flight noise with static tests. 

Concurrent with this noise research, which tended to concentrate on far-field 
noise and its relationship to the source noise, researchers were studying the source 
mechanisms within the turbofan as they related to the rotor-wake defect structure, 
rotor-tip vortex shedding, support-strut potential field, and separation distance 
between the rotor and the stator vanes downstream of the rotor. References 9 to 1 5 
are a few of the research efforts studying various aspects of these mechanisms. Both 
analytical and experimental studies using various types of wake-survey, rotor and 
stator-response instrumentation have been conducted. Fan rigs which produced experi- 
mental data were designed or chosen for research so that hardware complications would 
be kept to a minimum, thus permitting researchers minimal compromise with analytical 
work. The analytical work has generally been based on incompressible flow with two- 
dimensional compact source strip theory as applied to the rotor blades and stator 



vanes. References 16 and 17 have extended the analytical work to include some 
compressible-f low effects with noncompact source distribution. 

Most experimental research has been done on a basic fan rig, although refer- 
ences 5, 9, and 14 have indicated a need for experimental data on a "real engine." 
Additionally, within the large body of fluctuating pressure data taken from stator- 
vane studies, very few reliable data have been reported in a spanwise direction. The 
methodology has usually been to measure fluctuating pressures along the chord line at 
midspan of a stator vane and to assume knowledge of the spanwise distribution. 

The National Aeronautics and Space Administration (NASA) has recognized the need 
to study the simulation effectiveness between the noise generated by a turbofan 
engine when mounted on a static test stand and that generated in flight. To address 
this need, NASA initiated an experimental research program using a highly instru- 
mented JT15D-1 engine 1 which had been been slightly modified. Numerous results of 
the program have been reported. These results have been relative to the inflow- 
control-device comparisons (refs. 6 and 7); to the development of a measurement tech- 
nique to convert nonstationary flight noise into narrow-band stationary noise 
(ref. 18); and to the effects of static, simulated forward speed and flight tests on 
both unsteady fan-blade pressures and acoustic far-field radiation (refs. 19 to 22). 

An objective of the program was to study the rotor-induced fluctuating pressure 
levels (FPL) and their distribution along the span of both the core- and bypass- 
stator outlet guide vanes of this engine. The purpose of this report is to present 
the results of meeting this objective, thus fulfilling the need for spanwise data 
which has often been expressed. (See refs. 5 and 14.) The present data, obtained 
under static and flight conditions, are unique and provide the opportunity to study 
experimentally the stator-vane response under two widely different test conditions 
for an actual engine. The data are analyzed by using time histories, the signal- 
enhancement technique, narrow -band spectra, probability -density-function analysis, 
and phase- and coherence-function analysis. Comparisons between the static and 
flight results are made. 


SYMBOLS AND ABBREVIATIONS 

A maximum altitude 

BPF blade-passage frequency 

BW bandwidth, Hz 

F 1 fundamental tone associated with BPF of low-speed fan 

2F <1 first harmonic of F^ 

F 2 fundamental tone associated with BPF of high-speed compressor 

2F 2 first harmonic of F^ 

F 1 BPF low-speed fan-rotor blade-passage-frequency fundamental tones 


Manufactured by Pratt & Whitney Aircraft of Canada. 
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F 2 BPF high-speed-compressor blade-passage-frequency fundamental tones 


—9 

FPL fluctuating pressure level, (2.9 x 10 psi), dB 

f frequency, Hz 

n(t) random noise, Gaussian distributed 

PDF probability density function 

PDR probability density ratio 

p(x) probability density 

2 I 2 

R ratio of sine variance to noise variance, a la 

s I n 

RTV rubberized coating 

SMT stator-mounted transducer 

s(t) sine signal, A sin(wt + <)>) 

TL time period of data analysis, sec 

a 

t time , sec 

x amplitude 

2 

y (f) coherence function 

A FPL static-minus-flight fluctuating pressure level, dB 

A PDR static-minus-flight probability density ratio 

6 solidity 

a standard deviation of noise signal, mV 

n 

2 2 
a variance of Gaus sian-distributed random noise, mV 

n 

2 2 
o variance of sine signal, mV 

s 

<j) random phase angle, deg 

to radian frequency, 2irf 

DESCRIPTION OF EXPERIMENT 
Engine 

The test engine, shown in the photograph and sketch of figure 1, was a JT15D-1 
two-spool turbofan engine. It basically was an early-production model with the 
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design features summarized in table I. The engine had been modified (see table I) so 
that the rotor-interaction tone with the core-stator vanes would be acoustically cut 
off and produce lower broadband noise. 

Figure 1(b) shows some features of the test engine. The inlet used in the 
static tests, although not the one used in flight, was made of fiberglass to the 
dimensions of the flight inlet. Six support struts, which are located in front of 
the centrifugal core compressor, are positioned behind the core/bypass -stator assem- 
bly. The sketch also shows a muffler fitted to the aft portion of the engine. The 
muffler used during the static tests had a different design from that used in flight. 
The purpose of using a muffler in these tests was to reduce or eliminate any aft 
noise radiation from the bypass duct which might compromise measurements of the 
front-end radiated fan noise. 

Two photographs of the rotor blades are presented in figure 2. Typical metal 
angles and dimensions, as measured on this engine, are presented in table II. A 
characteristic affecting the flow through the blades is the raised portions on the 
pressure and suction sides of the rotor. The largest raised surface (sometimes 
referred to as a clapper) is designed to be in close proximity with a counterpart 
surface on the opposite side of an opposite blade. (See fig. 2(a).) Once the engine 
is spinning at about 2000 rpm, the rotor blades assume a position on the hub so that 
these raised surfaces touch each other, thus stiffening the rotor blades. The other 
raised portion had a different design from that of the clapper which additionally 
stiffened the blade. Figure 2(b) shows that the blades have a high degree of twist 
and a considerable variation in both the metal inlet and outlet angles. This figure 
also shows the core-stator vanes and the wall separating the core duct from the 
bypass duct. This wall is located just downstream of the rotor blades. 

Fiqure 3 presents both a photograph of the stator assembly showing the core and 
bypass vanes and a sketch identifying the measurement transducers and their loca- 
tions. The photograph (fig. 3(a)) shows the split bypass vanes along with the 
transducer positions. Table II also presents metal angles and associated stator 
dimensions as measured on the engine. 


Test Facilities and Setup 

Static test. - A photograph of the engine mounted on the outdoor test stand at 
the Ames Research Center is shown in figure 4. The engine was mounted so that it was 
15 ft above the concrete surface of the test area. For the results presented in this 
report, no inflow control device covered the inlet. Far-field noise-measurement 
microphones situated on poles and on a traverse rail may be seen. These microphones 
were placed approximately 1 2 f t from the engine fan face. (See ref. 20.) 

Flight test .- Figure 5 shows the research engine suspended beneath the wing of 
the test aircraft. The aircraft (a twin-engine 0V-1B) was flown with the starboard 
T53 turboprop engine shut down and feathered to minimize inflow distortion during 
data acquisition for the operation of the JT1 5D-1 . Results of the far-field noise 
measurements may be found in reference 21 • 

Test conditions .- Tests were conducted at the outdoor test site during a time 
period when surface wind speeds were less than 6 knots and the ambient temperature 
was approximately 62 °F. Data were obtained at four nominal engine speeds of 6750, 

10 500, 12 000, and 13 500 rpm. 
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During the flight tests, the test-bed aircraft was flown at a constant altitude 
of 300 ft with the flight speed maintained at a constant nominal 130 knots* Wind 
speeds from the surface to the flight altitude were less than 10 knots, and tempera- 
tures measured from the surface up to the flight altitude were a nominal 60°F* For 
these flight tests, engine speeds ranged from a nominal 6700 rpm to approximately 
15 000 rpm. 


Ins trumentation 

Description and mountin g of pressure transducers* - Figure 3 presents a photo- 
graph and sketch identifying the locations of the miniature pressure transducers used 
in these tests. These transducers had a 0* 04-in-diameter sensing area with a sensi- 
tivity of 1 V/psi* For this application there is an estimated accuracy of +3 dB 
because of the harsh environment. The stator-mounted transducers (SMT), with indi- 
vidual locations denoted by letter designations A to E, were bonded to the surface of 
the pressure side of the vanes along the span and 0*15 in. from the vane leading 
edge. Two transducers were mounted at locations A and E (fig. 3(b)) so that they 
would be in the boundary layer of either the rotor hub or the bypass-duct outer wall. 
The SMT's were bonded with a rubberized material (RTV) • Figure 6(a) presents a 
sketch of the mounting technique which shows the bonding material covering the trans- 
ducers. This technique was used to protect the transducers from any foreign objects 
which may be contained in the airflow. The total thickness of the projection above 
the vane surface was no greater than 0.014 in. This mounting technique was evaluated 
and determined to present minimal interference with the measured pressures. (See 
ref. 23. ) 

Data-acquisition system .- Figure 6(b) shows a sketch of the data-acquisition 
instrumentation. Signals from the stator transducer were transmitted through a hard- 
wired system in the engine to signal-conditioning and analog frequency-modulated 
magnetic tape-recording equipment. The sketch also shows that a signal was recorded 
which gave the position of an instrumented rotor blade. This once-per-revolution 
pulse permitted the accurate measurement of fan speed and the application of the 
signal-enhancement technique to study the fluctuating-pressure data. The complete 
measurement system of figure 6(b) had a flat response over the frequency range from 
20 Hz to 20 kHz. The dynamic range of the system was 120 to 170 dB. 

During the flight tests, aircraft variables (speed, altitude, roll, etc. ) and 
JT15D-1 engine variables (fuel flow, inlet and bypass pressures and temperatures, 
etc. ) were measured and recorded by using a digital-pulse code -modulated system. 
Details on all signal-conditioning and data-acquisition systems onboard the aircraft 
may be found in reference 24. 


RESULTS AND DISCUSSION 

All data were processed over a frequency range from 0 to 20 kHz by using a fast 
Fourier transform, dual-channel analyzer and peripheral equipment to obtain averaged 
pressure time histories, narrow-band constant-bandwidth spectra, signal enhancement, 
probability functions, coherence, and phase information. All spectral data have an 
analysis bandwidth of BW = 50 Hz and were analyzed for more than 3 sec. This pro- 
cedure insured that the random error was always less than ±1 .5 dB with a 90-percent 
confidence level. The relationships of these data as a function of engine speed, and 
with respect to their spanwise locations, were studied and are discussed in this 
section. 
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Static-Test Results 


The initial study of the pressure data took the form of considering the ampli- 
tude of pressure as it varied with time. Two techniques for studying these data are 
as follows: (1) determining the unenhanced average pressure per increment of time, 

and (2) determining the signal-enhanced pressure per increment of time. Although the 
former is accomplished by averaging a defined number of samples of pressure over a 
time period which is not synchronized with the rotor revolution, the signal- 
enhancement technique uses a once-per-revolution pulse to permit the synchronous 
averaging of the pressure as it varies with time relative to the engine rotational 
speed. This results in averaging out any contaminating noise and presents the peri- 
odic portion of the averaged pressure time trace. (See ref. 25.) Since the measured 
pressures are essentially the results of periodic wakes shed from the rotor blades, 
it was expected that the unenhanced pressure time trace (method 1 ) would appear to be 
strongly sinusoidal at the fan-rotor blade-passage frequency, hereinafter referred to 
as BPF and designated as F^ . 

Figures 7 and 8 show some typical measured unenhanced and enhanced results of 
pressure time traces displayed in a 4-msec time increment. Figure 7(a) shows some 
unenhanced average pressure time traces measured at location D at engine speeds of 
12 000 and 13 500 rpm for the static tests. At 12 000 rpm, the data suggest that a 
strong tone is present; however, the presence of a tone at 13 500 rpm is not so well- 
defined. Figure 7(b) shows the results of signal enhancing the data measured at 
location D for the four engine speeds of the static test. By comparing the unen- 
hanced data in figure 7(a) at 12 000 rpm with its enhanced counterpart in fig- 
ure 7(b), it may be seen that a sinusoidal signal tends to compose the signal in 
figure 7(a). The data comparison of figure 7 at 1 3 500 rpm does not make such a 
clear distinction. Additionally, by comparing the data in figure 7(b) for the four 
different engine speeds, one may see that not only does the amplitude vary but also 
the wave-shape changes of the pressure trace do not appear as smoothly increasing 
frequency patterns as the engine speed increases. 

Figure 8 indicates the changing character of the stator response in a spanwise 
direction. This figure compares the signal-enhanced data of pressure time traces for 
a constant engine speed of 13 500 rpm for both the core (A,B) and bypass (D , E) loca- 
tions. The figure indicates that a spanwise difference in wave shape is measured at 
each location on the core and bypass stators. Thus, the stator f luctuating-pressure 
data of figures 7 and 8 show pressure-trace differences at a singular stator location 
as a function of engine speed and differences in shape along a radial spanwise direc- 
tion at a constant engine speed. These data, believed to be unique, are similar in 
appearance and may be related to aerodynamic results, whereby hot-wire anemometry 
techniques were used to measure the velocity-defect flow profiles behind rotors and 
ahead of stators* (See refs. 9 to 14 and 26.) 

In order to measure the magnitudes of the unenhanced fluctuating pressures at 
the fan-rotor BPF and at its harmonics on the stator vanes, narrow-band spectral 
analyses (BW = 50 Hz) were obtained for the static and flight tests. Figures 9 
and 10 present the results for the static tests. Figure 9 shows the spectra for the 
core ( A, B ) , and figure 10 shows the spectra for the bypass (D , E) for the range of 
engine rotational speed. Data for location C are not available for presentation. 
These spectra indicate the presence of the fan-rotor BPF, related harmonics (or lack 
of them), and combination tones (indicated by F^ , 2F^ , etc.). Large multiple fre- 

quencies below 3 kHz at radial locations D and E for 13 500 rpm are believed to be 
the result of aerodynamic shocks created by the supersonic rotor-blade tip speed. 

(See ref* 21.) Also, the data show responses at blade-passage frequencies compatible 
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with those of the high-speed compressor (designated as F 2 ) . Although the aerody- 
namic wakes shed from the fan rotor impact on the stators and generate the F^ fre- 
quencies, this would not be the case for the high-speed compressor. (See fig. 1(b).) 
The F 2 BPF tones are generated by the core-compressor fan blades cutting the wakes 
shed from the engine support struts ahead of the compressor. (See ref. 6.) Acoustic 
pressures at these F 2 BPF tones have been measured in the far field. (See refs. 6 
and 19.) Because of this, the fluctuating pressures at the F 2 BPF seen in figures 9 
and 10 are thought to be acoustic. The magnitudes of the F 2 FPL*s are generally 
larger for the core locations than for the bypass locations, which would be reason- 
able for this test configuration. 

Figure 11 compares the core and bypass FPL's at the F^ BPF obtained from fig- 
ures 9 and 10. The data show a signal which is generally above the broadband noise 
by approximately 10 dB or more with the levels for both stators falling between 
140 and 165 dB. The broadband noise levels were plotted to permit a later comparison 
with flight. These levels, which were measured at the base of the tones, are often 
said to be associated with the turbulence of the rotor wakes. (See ref. 25.) Fig- 
ure 11 also shows an obvious difference between the core data and the bypass data. 

As the engine speed increases, the core data tend to increase in amplitude, whereas 
the bypass data have a dip at 10 500 rpm. 

To investigate the change in fluctuating pressures at the rotor BPF across the 
core- and bypass-stator span, the FPL’s were plotted as a percent of span length and 
are presented in figure 12. Figure 12(a) shows that for locations A and B on the 
core-stator vanes, changes on the order of 5 to 1 0 dB occur, either rising or drop- 
ping as a function of engine speed. An exception occurs at 1 0 500 rpm where the 

spanwise distribution is flat. For the bypass stator (fig. 12(b)), it can be seen 

that when moving radially outward from location D to E, increasing fluctuating pres- 
sures are measured. It is also observed that the lowest and the least change in 
pressure magnitudes occurs at 1 0 500 rpm. 

Figure 13 presents the F 2 FPL measured on the core and bypass stators for the 
engine speeds of the static tests. As mentioned previously, the signal is believed 
to be acoustically related to the core compressor. It is observed that the core data 
seem to have a better ratio of signal to noise than the bypass data, neither of which 
is as good as the ratios in figure 11. It can be seen that the F 2 FPL data seem to 
be more consistent in increasing in level as engine speed increases than the F^ FPL 

data. It may also be observed that the magnitudes of the F^ FPL data in the core are 

larger than in the bypass, with no measurable tone at location E at a speed greater 
than 6750 rpm. 

Hanson (ref. 2) has discussed the turbulence associated with the aerodynamic 
velocity defect of the wake shed behind a rotor blade. This wake may have both an 
amplitude and a position modulation. The position modulation is usually small? how- 
ever, the amplitude modulation may be several orders of magnitude greater than the 
average magnitude. Thus, in lieu of a pure sinusoidal-wave character seen by the 
stator at the rotor BPF, a signal such as that presented in figure 7(a) may be 
observed. Signal enhancement (such as that presented in figs. 7(b) and 8) may do 
little to improve the wave shape. Data such as that in figures 7 or 8 could be 
either narrow-band random noise or random noise which contains a pure tone. A 
narrow-band spectral analysis of data, such as that in figures 7 or 8 (as presented 
in fig. 9 for unenhanced pressures), would not by itself determine if a tone con- 
tained in noise was of steady or unsteady amplitude. As part of the analysis of the 
data obtained for this report, it was desirable to investigate the amplitude 


7 



stability of the fan-rotor BPF tones (such as those seen in the spectra of fig. 9) 
for the static and flight cases. 

References 10 and 25 discussed the use of performing a narrow-band analysis of 
the enhanced pressure time signal and comparing the magnitude of the BPF from the 
resulting spectrum with that obtained from the spectrum of the unenhanced pressure 
time signal. For constant engine speeds, this permits an estimation of the amount of 
unsteadiness or randomness in the fluctuating pressure level at the BPF in the peri- 
odic portion of the pressure time signal. It was noted in reference 20, however, 
that it is very difficult to maintain a constant fan speed when testing outdoors 
without an inflow control device. When the engine speed changes, phase changes in 
the signal measured by the stator transducers may be expected to occur. Since the 
static-test data in the present report were obtained without an inflow control 
device, the application of the signal-enhancement technique available during this 
analysis would not account for phase changes resulting from fan-speed changes. Addi- 
tionally, the comparison of the spectral analysis of signal-enhanced and signal- 
unenhanced pressures cannot account for the random phase variations which may occur 
in the signal. (See ref. 27. ) References 5 and 28 discuss this ensemble-averaging 
technique and compare it with the application of the probability-density-function 
(PDF) analysis technique. The PDF analysis permits one to determine if there is a 
tonal signal added with noise as well as a measure of how unsteady or random the 
amplitude is. Since the PDF considers only the siqnal amplitude, it is not suscepti- 
ble to any fluctuation in frequency or enqine rotational speed (such as the ensemble- 
averaging technique) or to any random-phase variation which may occur. 

The PDF analysis is based on the fact that a dish-shaped probability density 
function will result for a constant-amplitude sinusoidal wave and that a Gaussian- 
shaped probability density function will result if the wave is narrow-band random 
noise. Thus, if the two signals are combined so that a stationary and ergodic 
random-noise time history appears in the form of 

x ( t ) = n(t) + s(t) 

where n(t) denotes a Gaussian random noise and s(t), a sine signal with random 
phase angle <\> and maximum amplitude A, is given by 

A 

s ( t ) = A sin(o)t + (j>) 

it has been shown (ref. 27) that the probability density of x(t) is 


p(x) 



d<f> 


If the variance of the sine signal is 
the two will be 


2 2 

O and that of the noise is a , the ratio of 
s n 
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Typical plots of p(x) for different values of R are presented in fig- 
ure 14. This plot shows that as R increases, the signal becomes increasingly sinu- 
soidal with a constant amplitude* The ratio R may be plotted as a function of the 
probability density ratio PDR as determined by measuring the ratio of the average 
magnitude of the side peaks to the magnitude of the minimum density at x = 0 as 
shown in figure 15. This figure shows that as the PDR increases, the amplitude of 
the tone becomes increasingly stable* Thus, by measuring the PDR, a good qualitative 
estimation of the stability of the tone may be assessed. In contrast to the limita- 
tion of the signal-enhancement technique discussed earlier, the limitation of the PDF 
analysis is the insensitivity to a PDR of unity. With these considerations in mind, 
the PDF analysis was used to study qualitatively the degree of amplitude steadiness 
in the tones. To ensure that the analysis error was well below that of the measure- 
ment error of the transducers, the PDF of the F^ and F£ BPF's was obtained by measur- 
ing the resulting signal after the overall signal had been bandpass filtered with a 
7-percent bandwidth of the BPF. The analysis time T^ was always such that the 
minimum criterion of T a > 50/BW was exceeded by a factor of 10. Thus, the analysis 
error was estimated to be approximately less than or equal to 1 percent of the true 
PDF. 

Figure 16 presents examples of a typical set of PDF data for the static test at 
12 000 and 13 500 rpm for the pressures measured on the core stator at location A. 

It can be seen that the PDF of the signal at 1 3 500 rpm appears to be almost Gaussian 
shaped with an estimated PDR equal to 1.1. At 12 000 rpm, the PDF shows that a 
strong, constant amplitude tone is contained in the signal with the PDR equal to 1.5. 


Figure 17 presents a graphic display of the PDR as a function of the engine 
rotational speed for the static tests. The PDR data are presented for the core- 
stator locations in figure 17(a) and for the bypass-stator locations in figure 17(b). 
A comparison of the two data sets indicates that the core F^ tones tend to be less 
stable, with less fluctuation in stability as speed increases, than the bypass tones. 
Thus, the core F^ tones are obscured by random noise, are themselves narrow-band 
random noise, or have unsteady amplitudes. Generally, the bypass F^ tones do not 
seem to be narrow-band random noise but do appear to fluctuate in strength of ampli- 
tude stability. 

Although not presented, the PDF analysis of the high-speed-compressor F 2 BPF 
tone data showed all amplitudes to be Gaussian distributed. This would be compatible 
with acoustic signals which would propagate through a turbulent-flow environment, 
such as that which exists from the core compressor to the bypass-stator area. 


Flight-Test Results 

For the flight tests, stator-pressure data were obtained for 10 different engine 
speeds from a nominal 6700 rpm to approximately 15 000 rpm. The narrow-band (50-Hz 
BW) spectra of the unenhanced pressures measured at each location on the stators for 
each engine speed are presented in figure 18. The data show the BPF for the low- 
speed fan ( F^ ) and high-speed compressor (F 2 ) with the related harmonics and combi- 
nations of F^ and F 2 » 

The data are presented in figures 19 to 21 to indicate how the magnitudes of the 
FPL 1 s changed for the F 1 BPF as a function of engine speed and spanwise location. 
Figure 19 compares the core and bypass levels as a function of engine speed. This 
figure shows the core pressures at the fan-rotor BPF (F^) for locations A and B to be 


9 


quite different from the bypass pressures measured at locations C, D, and E. The 
core FPL 1 s remain about 10 dB above the broadband levels and smoothly increase as the 
engine speed increases. The broadband FPL's for the bypass data have about the same 
magnitude and trend with engine speed as those for the core. Hie FPL’s at the F^ BPF 
for the bypass locations, however, show a large fluctuation of values for increasing 
engine speed. Rapid changes in level for all bypass locations occur as the engine 
speed moves from 9525 to 10 917 rpm. Behavior in this region is thought to be incon- 
sistent with behavior which may be due to wake changes alone. Thus, nonuniformities 
in rotor exit flow and aeroacoustic phenomena may be influencing the stator pres- 
sures. (See refs. 25 and 29.) 

Figures 20 and 21 present the spanwise distribution of the fluctuating 

pressure levels at the BPF for the engine speeds obtained during the flights. Fig- 
ure 20 shews that along the core span, there is a uniform fluctuating pressure at the 
BPF. There is a slight decrease in magnitude in a radial direction at any one engine 
speed except at 1 3 296 rpm, where there is a rapid rise in level. This general uni- 
formity is not apparent for the spanwise distribution of the bypass data presented in 
figure 21. This figure shows that at the three highest speeds of 14 880, 13 296, 
and 11 919 rpm, there tends to be a uniform fluctuating pressure on the stators 
except at the tip location E, where a 1 0-dB rise occurs at 11 919 rpm. There is a 
constant decrease in the fluctuating pressure for the engine rotational speeds 
between 10 917 and 9525 rpm as the position radially changes from location C to E. 

The lowest speeds of 8927, 8324, and 6708 rpm tend to exhibit a spanwise increase in 
the FPL’s, which is initially rapid for 8927 and 8324 rpm. 

The steadiness of the amplitudes of these F^ BPF's were investigated in an 
attempt to gain an insight into the f luctuating-pressure data. Figure 22 shows the 
PDR of the core and bypass data as a function of the engine speed. The core data 
(fig. 22(a)) show that as the engine speed increased, the steadiness of the F^ 
amplitudes generally increased, thus indicating less turbulence or an increase in 
amplitude stability. This is not seen in figure 22(b) which shows that as the engine 
speed increases, the unsteadiness of the amplitudes of the BPF's increase; that is, 
there is a general decrease in PDR, thus indicating greater turbulence or a decrease 
in amplitude stability. 

The FPL’s associated with the high-speed-compressor blade-passage frequency 
(F 2 ) were measured for the flight case and are presented in figure 23 as a function 
of the engine speed. These data, as discussed earlier, are believed to be acoustic 
pressures and can be seen to have a greater magnitude in the core area (fig. 23(a)) 
than in the bypass area (fig. 23(b)). Additionally, all PDF's of the data were 

analyzed and observed to be Gaussian shaped, a characteristic of narrow-band random 
noise • 


It is believed that the core FPL's exhibit different characteristics from the 
bypass FPL's because of differences between the flow distributions which exist around 
the spinning-rotor hub, within the core duct, and within and along the walls of the 
bypass duct. These flow differences would result from hub and wall boundary- layer 
effects, flow separation and vortex shedding from rotor blades, rotor-blade tips 
cutting through the bypass-duct wall boundary layer, and secondary flow. (See 
refs. 9 to 16.) Additionally, it is known that a radially asymmetrical wake profile 
is likely to exist behind a rotor blade (refs. 12, 26, and 30) and that the blade 
stiffeners affect the flow and pressure losses over the fan blade (ref. 31). The 
common wall shared by the core and bypass ducts, although unknown in its effects, is 
expected to complicate further the interpretation of the measured pressures. 

Finally, this nonuniformity of the spanwise distribution of the core and bypass FPL's 
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may be related to wake variance from rotor blade to rotor blade, which is caused by 
blade-geometry variance due to fabrication and uneven wear. 

For the flight data, cross-spectra techniques were used to obtain coherence and 
phase information about the signals. In particular, it was desirable to compute the 
trace velocity of possible acoustic or convected wake speeds along the stator spans. 
If this could be accomplished, it was anticipated that secondary or three-dimensional 
flow, as well as acoustic pressure signals, could be firmly established. 

Typical results of the coherence and phase measurements are presented in fig- 
ures 24 to 26 for the three engine speeds of 13 296, 11 919, and 10 434 rpm. These 
speeds were chosen to represent supersonic, transonic, and subsonic blade tip speeds, 
respectively. For some of the data in these figures, coherence blanking was used at 
the 0.5 level. Thus, when used, only coherence values greater than or equal to 0.5 
were displayed. It can also be noticed that the phase data show an expanded scale 
when compared with the coherence-frequency scale. This was done to try to display 
the phase measurements more clearly. The data of figures 24 to 26 are presented to 
indicate the complex environment of the stators. The coherence data may be seen to 
be generally low (below 0.5) for most frequencies except for the F^ BPF, some F^ 
harmonics, and some of the F 2 BPF harmonics. For the low-coherence values, there is 
a significant degree of nonrelatedness between the two signals and there is a larger 
random error than if the signals are highly coherent (y 2 (f) > 0.7). Additionally, 
the phase data associated with the coherence data generally show significant scatter 
at frequencies above the F^ BPF. Interpretations of these data are limited because 
of two reasons: (1) Low-coherence values have large random errors associated with 

the measured phase, and (2) high-coherence values for the BPF and its harmonics 
have no consistent phase relationships. 

Regardless of these difficulties, several interesting observations may be made 
about the results. Figure 24 presents the coherence and phase relationships for the 
pressures measured at the core-stator locations. This figure shows that a high 
coherence (above 0.7) existed between locations A and B at both the F^ BPF and 
2F 2 BPF for the three engine speeds . This implies that at these frequencies the 
pressures are linearly related. At several other frequencies which do not seem to be 
related to the F^ or F 2 compressor, the coherence may be seen to be high, showing 
a high degree of relatedness of the pressures at these frequencies. The significance 
of this, however, is unclear. 

The data reduction was designed so that a positive slope for the phase data 
would indicate flow moving radially outward and ia negative slope would indicate flow 
moving radially inward. The phase relationships between the pressures measured at 
locations A and B in figure 24 show wide scatters at #he frequencies above the F^ BPF 
and little significance at the other frequencies where there is low coherence. Thus, 
although the slope of the phase response up to the F 1 BPF of the core data may appear 
positive, caution is suggested in interpreting this as radially outward flow. 

The coherence and phase pattern for the pressures measured on the bypass stator 
at locations C and D (fig. 25) show the same type of information. Coherence is low 
(below 0.5) at most frequencies except for the F^ BPF and some of the harmonics. At 
the subsonic speed, the third harmonic of the high-speed compressor ( 3 F 2 ) is seen to 
have a high coherence. Thus, it appears that there is a linear relationship only at 
the BPF, at some of the harmonics of the low-speed compressor, and at the third har- 
monic of the high-speed compressor. The phase data show a generally negative slope 
up to about 4000 Hz and then exhibit large scatter. This suggests a cautious inter- 
pretation of possible turbulent flow moving radially inward. 
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Data showing the coherence and phase relationship between the pressures measured 
at the D and E locations are presented in figure 26. Especially high coherence 
(larger than 0.8) is seen at the subsonic and supersonic speeds for the low-speed-fan 
BPF (F^ ) and its harmonics and for the high-speed-compressor BPF (2F 2 ) at the second 
harmonic. At the transonic speed, the F 1 BPF coherence is not very high (0.65), 

Thus, the data of figures 25 and 26 suggest a strong linear relationship between 
the pressures measured by the bypass transducers at subsonic and supersonic blade tip 
speeds but a considerably reduced linear relationship at transonic blade tip speeds 
for the F^ BPF pressure. The phase data suggest a flat-slope inphase relationship 
below about 4 kHz for the subsonic blade tip speed, where the coherence appears to be 
larger than 0.7. This is not believed to be representative of secondary flow. The 
data above about 4 kHz for the subsonic speed, and for all frequencies at the 
transonic and supersonic blade tip speeds, either exhibit large scatter or may not be 
reliably interpreted because of the low-coherence values. 

Although the flight data of figures 24 to 26 show high-coherence values at the 
rotor BPF and its harmonics, the wide scatter of the phase data and low-coherence 
values precluded any meaningful interpretation of wave-trace velocities. Similar 
behavior has been reported for some static tests. (See ref. 5.) Such behavior is 
attributed to the severity of the environment, that is, turbulent flow and hard 
reflecting surfaces. (See refs. 5 and 25.) 


Comparison of Static and Flight Results 

Some comparisons of the static data with the flight data for the fan-rotor 
F 1 BPF tone (figs. 11 and 19) for comparable engine speeds are presented in figures 
27 and 28. Figure 27 shows that the core-stator static, and flight data appear to 
have the same trend. Thus, both the static and flight FPL's at the F 1 BPF for core 
locations A and B appear to increase generally up to approximately 12 000 rpm, where 
the pressures at location A then appear to drop in value at the next higher engine 
speed. The pressures measured at location B, however, tend to increase dramatically 
for the next higher engine speed. As discussed earlier, these core data of figure 27 
do not have the same trend as the bypass data. A comparison of the bypass-stator 
static and flight data are presented in figure 28 as a function of engine speed. 

This figure shows the narrow-band FPL's at the fan-rotor BPF tone as measured at 
locations D and E, The data for location E show the same general trend for the 
static and flight tests; however, trend differences between the static and flight 
data for location D are evident for increasing engine speeds. 

One may compare the spanwise distributions of the narrow-band FPL's of the 
F^ BPF tones for the static and flight data by replotting some of the data presented 
in figures 12, 20, and 21. These static and flight comparisons are presented in fig- 
ures 29 and 30 for data that were measured at comparable engine speeds and locations. 
Figure 29 shows that for the core data, the static tests showed increasing levels in 
a radially outward direction for engine speeds of 6750 and 13 500 rpm, decreasing 
levels at 12 000 rpm, and constant levels at 10 500 rpm. The flight data show only 
one engine speed, 13 296 rpm, which results in an increasing FPL in a radial direc- 
tion. The FPL's decrease radially outward for 11 919 and 10 434 rpm and appear con- 
stant for 6708 rpm. 

Figure 30 presents a similar spanwise-distribution comparison of the static and 
flight data for the bypass stator. The static-test data show, for locations D and E, 
increasing levels in a radially outward direction for engine speeds of 6750, 10 500, 
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12 000, and 13 500 rpm. At the comparable flight-test speeds, the flight data 
exhibit slight, radially outward increases in FPL at 6708 and 1 3 296 rpm, a sharp 
decrease in FPL at 1 0 434 rpm, and a sharp, radially outward increase in FPL at 
11 919 rpm. 

The data of figures 27 to 30 suggest a complex environment in which the core and 
bypass stators are immersed. Thus, no clear trends seem evident for the variation of 
the FPL with engine speed or for the uniformity of the spanwise distribution of the 
FPL 1 s on the core and bypass stators. As discussed earlier, this environment is 
believed to be the result of the differences in boundary- layer development along the 
rotor blades, differences in hub and bypass-duct wall boundary layers, suspected 
asymmetrical wake profiles due to the rotor-blade stiffeners, and three-dimensional 
flow. 


Figures 31 and 32 present the differences in the magnitudes between the static 
and flight FPL's for the fan-rotor F^ BPF tone and broadband noise. The flight lev- 
els were subtracted from the static levels and are presented as a function of engine 
speed. It is recognized that although the flight and static engine speeds are not 
equal, they are well within the experimental error associated with the amplitudes. 
Figure 31, which presents the static-to-f light differences for the F^ BPF levels, 
shows that the largest portion of the differences lies above the zero reference line 
with the static tests producing higher amplitudes than the flight tests by about 
5 dB. The same observation may be made about the associated broadband levels pre- 
sented in figure 32. A possible reason for the higher static levels is that the 
operating line for the static tests was higher than for the flight tests, thus pro- 
ducing higher rotor loading. (See ref. 21.) Also, the engine did not have an inflow 
control device during the static tests. It is known that because of the nonisotropic 
nature of the inlet turbulence which occurs during the static tests, both tone and 
broadband acoustic noise levels are larger during static tests than during flight. 
(See ref. 3.) Additionally, reference 21 compared the tone and broadband far-field 
acoustic noise for this engine and showed the static data (obtained without an inflow 
control device) to be higher than the flight data. 

The results of comparing the steadiness of the amplitudes of the fundamental 
tones as measured for the static and flight data (figs. 17 and 22) are presented in 
table III and figure 33. Table III shows that the strength of the tone is not as 
large for the core FPL's as for the bypass FPL's, and figure 33 shows that there 
appears to be some difference between the static and flight environment as measured 
by the stability of these tones. Thus, figure 33 appears to show that flight- tone 
amplitude stability is somewhat greater than static-tone amplitude stability. 


CONCLUDING REMARKS 

Stator-vane fluctuating pressures were measured on a highly instrumented, 
flight-certified JT1 5D-1 turbofan engine which was used in a program by the National 
Aeronautics and Space Administration to study forward-speed effects on fan-tone 
noise. These data, obtained for static and flight tests, are believed to be unique 
and help fill the need for information about stator-vane response for an engine in 
flight. 

Pressure time traces (resulting from the aerodynamics of the rotor wakes) were 
measured at individual locations along the leading edge of both a core and bypass 
stator. Data were obtained which showed nonuniform changes in the amplitudes and 
wave shape of the pressure with respect to time for both a spanwise distribution of 
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these pressure traces at a constant engine speed and for these pressure traces at any 
one location for different engine speeds • The core spanwise distributions of the 
fluctuating pressure levels (FPL) at the fan-rotor blade-passage-frequency fundamen- 
tal tones (F 1 BPF) were noticeably different from the bypass-stator FPL's as a func- 
tion of engine speed. The nonuniformity of these data are believed due to the com- 
plex acoustic/aerodynamic flow environment. 

The core-stator vanes exhibited fan F^ BPF amplitudes with probability density 
ratios ( PDR) lower than those for the bypass -stator- vane responses. This implies 
that they were not as stable as the bypass-stator-vane responses. A comparison of 
core and bypass PDR's with regard to static and flight conditions indicated that some 
difference existed, thus suggesting that the static environment may have produced 
more unstable amplitude tones than the flight environment. The magnitudes of the 
responses for the static tests were generally 5 dB greater than those for the flight 
tests. These results are believed to be due to the anisotropic nature of the inlet 
flow and higher rotor loading during the static tests. There was a high spanwise 
coherence between stator transducers for the fluctuating pressures at the fan BPF 1 s 
which indicated that they were excited by the same forcing mechanism. Disturbance 
trace velocities however could not be interpreted at the BPF fluctuating pressures 
because of the complex environment. 

Fluctuating pressures were detected on the stator vanes at blade-passage fre- 
quencies of the high-speed core compressor. These levels were higher on the core- 
stator vane than on the bypass-stator vane, and all fluctuating pressure levels had 
probability density functions typical of narrow-band random noise. These fluctuating 
pressures are believed to be acoustic since far-field acoustic tones at these high- 
speed-compressor fundamental tones (F 2 BPF) have been measured. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
February 16, 1984 
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TABLE I.- DESIGN FEATURES OF MODIFIED JT15D-1 ENGINE 

Fan pressure ratio • •••• . . ... ... 1.5 

Bypass ratio . 3.3 

Hub/tip ratio 0.405 

Rotor diameter, in 21 

Maximum fan rotational speed, rpm 16 000 

Rotor blades «, 28 

Core-stator vanes ••••••••• ••••••••••• •••••• 71 

Bypass -stator vanes 66 

Ratio of number of bypass-stator vanes to rotor blades 2.36 

Ratio of number of core-stator vanes to rotor blades •••••• 2.54 

Ratio of rotor-blade spacing to bypass-stator-vane spacing 1.83 

Ratio of rotor-blade spacing to core-stator-vane spacing 0.63 

Primary exhaust area, in 2 79 

Bypass exhaust area, in^ 190 
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TABLE II.- 


METAL ANGLES AND DIMENSIONS OF ROTOR AND STATOR VANES 
OF JT1 5D-1 ENGINE 


(a) Rotor blade 


Radial 


location 


Metal angles at blade locations, deg 


above root , 


0.30 
.55 
1 .25 
2.50 
3.75 
3.99 
4.74 
5.00 
5.24 
6.20 


in. 


Inlet 


Stagger 


44.0 

45.5 

49.8 
51 .4 

58.5 
59.7 

63.6 

64.9 
66.3 
73.2 


1 7.0 
21 .4 
33.7 

45.2 

52.6 

54.2 

58.3 
61 .0 

62.6 
69.1 


Exit 


- 10.8 

4.0 

12.7 

27.8 

43.7 

45.2 

49.8 
51 .4 

53.2 
60.4 


(b) Stator vanes 


Metal angles at vane locations, deg 


ijuua < — luh 

Inlet 

Stagger 

Exit 

Core 

Root 

• 

00 

1 

-31 .3 

-18.3 

SMT A 

-46.4 

-31 .2 

-17.6 

SMT B 

-44.2 

-30.6 

-15.7 

Tip 

i 

o 

. 

-30.7 

-13.3 

Bypass 

Root 

-39.0 

-19.6 

6.7 

SMT C 

-36.3 

-16.9 

7.1 

SMT D 

-35.5 

-15.3 

7.3 

SMT E 

-34.4 

-14.0 

7.4 

Tip 

-34.0 

-14.5 

7.5 


(c) Dimensions 


Component 


Average 


Rotor blade 

Core -stator vane 

Bypass-stator vane ... 


chord. 


2.4 
0.88 
1 .53 


in 


• Average 


span. 


6.2 
1 .89 
3.3 


in. 


Solidity 


1 .93 

1 .88 


TABLE III.- COMPARISON OF MEASURED PROBABILITY DENSITY RATIO FOR STATOR 
F 1 BPF FLUCTUATING PRESSURES AS A FUNCTION OF ENGINE SPEED 

[Static and flight tests] 


Probability density ratio at engine rotational speed of - 


SMT 

6750 rpm 
(static) 

6708 rpm 
(flight) 

1 0 500 rpm 
(static ) 

10 434 rpm 
(flight) 

12 000 rpm 
(static ) 

11 919 rpm 
(flight) 

13 500 rpm 
(static) 

1 3 296 rpm : 
(flight) 

Core-stator vane 

A 

1 .0 

1 .2 

1 .2 

1 .3 

1 .5 

1 .5 

1 .0 

1 .0 

B 

1 .0 



1 .0 



1 .0 

1 .0 

1 .0 

1 .2 

2.1 

2.4 

Bypass -stator vane 

D 

2.5 

2.7 

mm 

2.2 

2.3 

1 .2 

mm 

2.0 

E 

2.5 

2.9 

mm 

1 .0 

2.6 

2.4 

■i 

1 .9 


& 









































L-80-896 

(a) Stator-vane assembly. 



Bypass vane 


\core 


vane 


(b) Transducer locations. All transducers 
are 0.15 in. from leading edge. All 
dimensions are in inches. 

Figure 3.- Photograph and sketch of stator-vane 
assembly and transducer locations. 






Optical 



(b) Sketch of stator-vane-mounted transducer data system in JT15D-1 engine. 


Figure 6.- Transducer-mounting technique and sketch of data-acquisition system. 
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(a) Unenhanced average pressure time traces. 
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(b) Signal-enhanced pressure time traces. 

Figure 7.- Comparison of unenhanced average pressure and 

signal-enhanced pressure time traces for constant stator 
location D for different static-test engine speeds. 






Figure 8.- Comparison of signal-enhanced pressure time traces at core- and bypass- 
stator locations for static-test constant engine speed of 13 500 rpm. 
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(a) Location D. 



0 4 8 12 16 20 


Frequency, kHz 

(b) Location E. 

Figure 10.- Comparison of narrow-band (50 Hz) 

fluctuating pressure spectra of bypass-stator 
vanes for static-test engine speeds. 
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(a) Core stator. Span length, 1 .9 in. 



(b) Bypass stator. Span length/ 3.3 in. 


Figure 12.- Spanwise distribution of measured narrow-band (50 Hz) fluctuating 
pressure levels of fan-rotor F BPF tone for static-test engine speeds. 
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(a) Core stator. 



Engine speed, rpm 


(b) Bypass stator. 


Figure 13.- Comparison of measured narrow-band (50 Hz) fluctuating 
pressure levels for core and bypass stators at core-compressor 


F 2 BPF tones for static-test engine speeds, 
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(a) PDF for location A for static-test engine speed of 
13 500 rpm. PDR = y /y =1.1. 


Probability 
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-2 0 2 4 


(b) PDF for location A for static-test engine speed 

of 12 000 rpm. PDR = y /y =1.5. 

2 1 

Figure 16.- Examples typical of measured probability 
density function and PDR of amplitudes of fan-rotor 






(a) Location A. 

Figure 18.- Comparison of narrow-band (50 Hz) fluctuating pressure 
spectra of stator vanes for flight-test engine speeds. 
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Figure 20.- Spanwise distribution of core-stator narrow-band (50 Hz) 
fluctuating pressure levels measured at fan-rotor BPF tones for 
flight-test engine speeds. (Span length, 1.9 in.) 
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Figure 21 •- Spanwise distribution of bypass-stator narrow-band (50 Hz) 
fluctuating pressure levels measured, at fan-rotor BPF tones for 
flight- test engine speeds. (Spar* ( ? length, 3.3 in.) 
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(a) Core stator. 
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Figure 22.- Comparison of probability density ratios of fluctuating 
pressures of F^ BPF tones as measured at stator locations for 
flight- test engine speeds. 
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(a) Supersonic tip speed. Engine speed f 13 296 rpm. 
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(b) Transonic tip speed. Engine speed, 11 919 rpm. 
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(c) Subsonic tip speed. Engine speed, 10 434 rpm. 

Figure 24 • - Coherence and phase relationships between pressures measured at 
core-stator locations A and B at supersonic, transonic, and subsonic 
fan-rotor -blade tip speeds for flight tests. 


45 



Coherence Coherence Coherence 


4 8 12 16 20 

0 

4 

8 12 

Frequency, kHz 



Frequency, kHz 

(a) Supersonic tip 

speed • 

Engine 

speed, 13 296 rpm 




4 8 12 

16 20 

0 

4 

8 12 

Frequency, 

kHz 



Frequency, kHz 

(b) Transonic tip 

speed. 

Engine 

speed, 11 919 rpm 


0 4 8 12 16 20 

Frequency, kHz 


8 12 
Frequency, kHz 


(c) Subsonic tip speed. Engine speed, 10 434 rpm. 

Figure 25.- Coherence and phase relationships between pressures measured at 
bypass-stator locations C and D at supersonic, transonic, and subsonic 
fan-rotor-blade tip speeds for flight tests. 




Coherence Coherence Coherence 



0 4 8 12 16 20 

Frequency, kHz 


CD 

CO 


Q- 



Frequency, kHz 


(a) Supersonic tip speed. Engine speed, 13 296 rpm. 
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(b) Transonic tip speed. Engine speed, 11 919 rpm. 



(c) Subsonic tip speed. Engine speed, 10 434 rpm. 

Figure 26*— Coherence and phase relationships between pressures measured at 
bypass-stator locations D and E at supersonic, transonic, and subsonic 
fan-rotor-blade tip speeds for flight tests. 
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Figure 27.- Comparison of static and flight measured narrow-band 
(50 Hz) fluctuating pressure levels at fan-rotor f 1 tone for 
core-stator locations A and B. 
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Figure 28.- Comparison of static and flight measured narrow-band 
(50 Hz) fluctuating pressure levels at fan-rotor F-j tone for 
bypass -stator locations D an E. 
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Figure 29.- Comparison of core-stator static and flight spanwise distri- 
bution of narrow-band (50 Hz) FPL of fan-rotor F^ BPF tone. 
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Figure 30.- Comparison of bypass-stator static and flight spanwise distri- 
bution of narrow-band (50 Hz) FPL of fan-rotor F 1 BPF tone. 
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Figure 31 Comparison of differences between static and flight 
narrow-band (50 Hz) fluctuating pressure levels measured at 
stator locations for F 1 BPF tones at test engine speeds. 
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Figure 32.- Comparison of differences between static and flight 
broadband fluctuating pressure levels measured at stator 
locations for F. BPF tones at test engine speeds. 
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Figure 33.- Comparison of differences between static and flight probability 
density ratios of fluctuating pressures of F^ BPF tones as measured at 
stator locations for test engine speeds. 
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